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SECRET 
DIRIGIBLE BCKB TRAJECTORIES 

•I.  1IETUOD OF COMPUTING 

General Eouatlons 

The equations will ce set up In terms of a right- 

banded system of coordinates X, Y, Z, such that • X ia the 

direction of the horizontal component of Initial velocity, 

+ Y is the lcteral direction to the right ts viewed from 

above, 6nd + Z is the downward direction. The pitch angle 

0 is positive for the bomb txis D pointing hbove or for- 

ward of the velocity direction 7 'sailing). The yaw angle if 

Is positive for B pointing to t.ie right of V as viewed 

from above. The roll angle <f>   i-i the tngle of rotation 

around the longitudinal axis, taken clockwise when looking 

upwind. The relations involved are Illustrated in Fig. 1. 

The terminology of the cruciform rediel fin type 

bomb will be used throughout this discussion, although the 

equations apply equally well to o^her models such J.S those 

with cylindrical shrouds. We use the terminology of the 

cruciform model merely because the horizontal and vertical 

fins provide convenient reference planes, /.s shown in Fig. 1, 

the pitch ingle 0, and the yew cngle i(  tie both positive. 

The plane BOA is in the plane of the vertical fins, tnd the 

plane VOA is perpendicular to the vertied fins. 

In controlled flight, the bomb is tctecr" upon by 

'it 

•~«w*«"«:.««aiiüw.;.-1 süwr 
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fig 1. System of Coordinates. 



two forcesi a pull down equal to the weight, and an 

aerodynamic force which ctn be resolved into three compo- 

nents! a drag D which is opposite in direction to V, a 

lift force L perpendicular to V and in the plane of the 

vertical fins, end a side force S which is perpendicular 

to V end in the plane of the horizontal fins.  Positive L 

is in the upward forward direction* laid positive S is 

toward the right.  It is assumed that the air is motion- 

less with respect to the ground so th&c the velocity V of 

the bomb is also its velocity with respect to the air. 

The equations of motion are: 

&) + L (£) • S (|*) 
dtZ 

H = - D (f) • L (?) • a  </> 
dt (1) 

s. 
m &3 = mg - D (•+) *  L (-T*) + 8 <f) 

Civ 

Set  D • C£V2 

L = C£V2 (2) 

S • C|V2 

Primes are used on the C coefficients to distinguish tbes 

from the true lift and dr&g coefficients. 

ä-«-?vv,+2,v2&*£v2&) 

0) 

•sw*" 



Set A - J VVX 

B * T v2(-f) 
c - - irv <•#> 

CA D - • vv„ 

' - ? **&> 
0 •   •   'V. JB Z 

H - - T* •*<-£) 

I - 

L' 

tt> 

Minus signs ere Introduced in the definitions (4) in such 

a «ay as to minimize the number of minus signs appearing in 

the final computation. 

dVx 
dt 

dV 
g-Jta-D + E + P 

dVg 
dt 

/. + B 

0 - H 

AVX = (-A+B-lJ) Zi.t 

AVV = (-D+E+F; At (5) 

av,, « (g - G--H-I) At 

The average sign mecns the average vilue during 

the time interval At. It is convenient to let At = 1.0 sec. 
>t-l,t vx,t - vx,t-i

+ Gz&zy 
vy,t * v,,t-i * P5^F)t-1't 

v*,t • 7*,t-i• 32-2 • f^nci)*-1'* 
(6) 

T" 

•• • -' .+v..it*-,.••."'•:;- •'."• 
* ,: .-.Jl'.l'J' .,..-• 



*t - *t-l • Tx,t-1 • ^^S*^-1'6 

xt - xt-l * Vy,t-1 * i(=•&)^_ (?) 

cf ct c& 
The coefficients -jp -j*, -^ are computed fro« 

wind tunnel measurements &nd fie «eight of bomb end plotted 

for e aeries of pitch and ysw angles as a function of alti- 

tude. The quantities V , V , V end V are at each step In x.      y   *. 

the calculation known for the previous instant t-1. The 

ratios (•£),  (-jf), (^), etc., tie determined by 8, ),  Vx, 

V f V and the roll angle restrictions, for example the 

gyro restrictions if the roll anglo is maintained by a 

directional gyro. 

Case I. Two Dimensional Trajectory in the X£ Plane. Fange 

Variation Only. 

It is assumed thet the initial velocity is In the 

XZ plane, the rudder angle 0~ = 0, and the gyro maintains the 

vertical fin in the XZ plane. Equt.ticns (6) and (7) becomet 
lt-l,t 

(9) 
- V j. I'l 1 _ rililll '•«-•••I •• 

's,t 

Vx,t " Vx,t-1 + ^ 
V. Vs,t-1 + «.2 

(10) 
xt'-xt-i'*?«It-i

+iC5=Dt-1't 

zt ' zt-i + T*,t-i + l6-x - l^)*"1** 
Since for this case the lift force vector L lies 

in the XZ plene perpendicular to V 

%:. 

•_'.,«*••' ••••• •««'•.%»*„. 
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(11) 

n  x 

A * f vvx 
C
D 

a - - i *V> - * -£ 
A schedule for the "range only" type of calcula- 

tion Is illustreted by the calculations for the Gulf bomb 

No. 1 Eglln Field, Dec, 1942. Lone horizontal (type B), 

short vertical (type C) fins ES of the Oct. 3, 4, 1942, wind 

tunnel measurements. Weight i'JUO lb., altitude 15,000 ft., 

plane speed 220 ft per sec, 6r  = 0. Elevator settings 

i. 10*; 22 - 26 sec.  o*« = Oj 26 - end 0 - 22  SeC.     U» ~ '"    -<•" j     A«  - AM    B^W «     Wn 

o_ a - io . The wind tunnel measurements of Oct. 3, 4 are 

available in preliminary form in the Gulf Progress Report 

of Oct. 15, 1942 end in better fintl form in the ill. I. T. 

Progress Report No. 7. From the curve labelled pitch of 

Fig. 27 Gulf Report, or from the- Fin B curve of Fig. 16 

11. I. T. Report, en everage vali:e of pitch tingle 6 -  - 10.6 

The next step is to construct 

C3 a function of 

is obtained for o    n - 10 

the ballistic coefficient curves -=r and T* m    m 
altitude. The lift tnd drag forces are given in ttrat of the 

true lift end dreg coefficients by the relations 

L 

D 

><£ 
(12) 

where S « 1.868 sq. ft. Is tne cross sectional area of 

the bomb, and p is the air density (standard value taken 

^sj-j 

•*.; r ••.-:••*• 
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.002378 slugs per cu.ft.). From equations (2) as pQ « .00237« 

L - C£ V2 

D - C£ V2 

Combining (12) 

1 slugs 

aid (2) 

"if-T?Bf 

a.siiBf m      o      2 

(13) 

From the Gulf Report Fig. 28, or the 11. I. T. 

Report Fig. 17: 

8=0 CL - 0       C0 = 0.205 

0 • - 10.6*     CL => - 0.640  CD * 0.290 

Hence for 0 • - 10.6* and stE.nde.rd pressure 

^ = - 0.640 x 22*2 %  1>868 T  rPQ?373 , _ 0#457 x 10-4# 
cf -A 

To obtain -j* at any desired altitude, the value 0.457 x 10 * 

Is multiplied by the ratio £  for the desired altitude. 
0 

Table I illustrates this for *  values corresponding to a 

ground temperature of 77 F, and a pitch angle of 10.6 . 

Table I. Computation of Ballistic Coefficients. 

10* Altitude * (?7aF) ?«: 
0 ft. 0.959 0.438 

3,000 0.882 0.403 
6,000 0.809 0.370 
9,000 0.740 0.338 

12,000 0.676 0.309 
14.000 0.636 0.291 
16,000 0.596 0.273 
20,000 0.526 0.242 
25,000 0.448 0.205 
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Fig. 2 gives the three ballistic coefficient 

curves which are necessary for the calculation. The schedule 

for this "range only" type of cflculation is illustrated in 

Teble II. Each or the quantities Vx t, Va t, Xt, £t is 

given by equations 9,  10 in terms of the quantities for t-1 

and the overage coefficients (3-A) and (G+H). These 

coefficients are tae average values between t-1 and t and 

are obtained by extrapolation from the quantities in the 

last two columns for times t-1 tnd t-2. Where there is no 

discontinuous chenge in elevctor setting 

C5=7>t"1't * (B-A),.^ • I^B-ZOt.! - (B-A)t_a} 

To start the calculation, the values of X, Z,  7, 

V_ are all known for t =» 0 and c.--n be filled in. From the 
S 

altitude column (15,000 - I),  and the elevator satting, the 

ballistic coefficients are read off the curves of Fig. 2. 

In the last two columns, we obttir (P-A) and (G+H) v&lues 

for t = 0. To start the t-1 lir.e, we use as (B-A) and 

(G+H) the t = 0 values for (E-A) tnd (ü-ffi).  For the t = 2 

line, we ilreedy have t = 0 fcna t * 1 values of the coeffi- 

cients rnd from here on can put in the correct extrapolated 

average values.  It should be noted th&t the first thirteen 

columns give the desired positions and velocities at the 

time t. The remaining columns are to get the (B-A) and 

(G+H) coefficients at the time t in preparation for the 

t+1 calculation. 

„•SBlStfßS*-, 
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At t * 22.0 sec, the elevator changes from 

0- = - 10 to Op =: 0°. The first thirteen columns are filled 

in with (B-A) end (G+H) coefficients obtained from the t = 21 

end t * 20 values,  the remaining columns in the t • 22 line 

ere filled in with the ballistic coefficients for the new 

setting, since the purpose of these columns is to get (B-A) 

and (G+H) values in preparation for the t = 23 calculation. 

To start the t = 23 line, put in for (B^I) and (G+H) the 

values of (B-A) »id (G+H) computed et t = 22. At the end 

of the t = 23 line, we htve coefficients for t * 23. If 

the average of the t » 22 and t = 23 values differ appre- 

ciably from the approximate values which have been used, 

put in the correct values of (B-A) and (G+H) and do the line 

again. For a check on the computations, first differences 

in X and second differences in Z ere tabulated. In the 

tabulation, a factor of 10 * is left out in the r* end the 

-£• columns, and a factor of 10^ in the Wx and VVZ columns, 

since these factors will cancel out in the final B, H, A, 

end G columns. 2i> is alweys positive, •_• will be positive 

or negative for positive or negative pitch angles 0. The 

significance of the (B-A) and (G+H) coefficients is probably 

obvious, they are average X and 2 components of accelera- 

tion of the bomb. The complete trajectory for the calculation 

illustrated by Table II is given by Curve 1 of Fig. A. 



Case II. Azimuth Control Only. 

The trajactory for this case Is necessarily three- 

dimensional. The elevator angle ig = 0 and hence C£ = 0, 

and B, E, end H are all zero.  Equations (6) and (7) become: 

¥xtt  
vx,t-l 

•y.t vy,t-i + 

c+r+c)'-1»* 
(-D+F)'-1»' 1 

T«,t " Vz,t-1 + 32'2 " <+G+I>t"1,t J 

zt - Vi * vz,t-i • l6'x - I ^T)*"1'' 

where, A = -J* W_ 

(U) 

(15) 

c - - •# v2(J) 

m  x 
c| ,a. 
m 

ch D - -J* Ww ID  y 

Q = «^ VV 

I * 

m" w"z 
5i o.S 
» ^ 

S    3    8 
The ratios (-jp), (-j^)» (-^J will depend upon the particular 

kind of roll control which is used. The equetlons will be 

developed for the gyro control used by the K.I.T. and Oulf 

high angle dirigible bombs. Trie outer gimbal of the dlrec- . 

tional gyro rotates about the longitudinal axis, ana carries 

a oontGCt arm which operates the ailerons in such a way as to 

keep the plane of the vertical fins in the plane of the outer 

•.-%• 
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gimbal. The wheel of the directional tyro was initially 

rotating in the XZ plane end v. ill remain in this plrne. The 

axis of rotation of the inner global lies in the plane of the 

wheel and hence remains in the XZ plane. Since the outer 

glmbal is in the plane of the vertical fins, the axis of the 

inner gimbal will be perpendicular to the plane of the hori- 

zontal fins. The plane of the horizontal fins is thus perpen- 

dicular to a line in the XZ pltne, end therefore perpendicular 

to the XZ plane. This simple relation is perfectly general, 

and applies even with combined pitch and yaw. The relation 

is so fundamental to the analysis of gyro operation thet we 

shell name the plane of the horizontal fins the "Reference 

Plane." The "Reference Plane" remains perpendicular to the 

XZ plane, or stated in another way, the "Reference Plane" 

intersects the ground on a line parallel to the X  axis. 

With rudder control only (yew only) the velocity 

direction remains in the plane of the horizontal fins, and 

hence the bomb vector B, the velocity vector V and the side 

force vector S all lie in the rsference plane with S perpen- 

dicular to V. The relation is shown in Fig. 3 for a positive- 

yaw angle f. 

S. 

s * s cose 

S sin£ cos S 

cose 

S sine sin & 



delations for Yaw only 

Fig. 3. 

*"••'.. r 
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*--¥ J v" + v: 

.1 v* • 

»-* TZ •  V* 

w„ 

ä vv. 
y J v~ + v. 

vv„ 

S»T/ V' + V* 

.a 
IB 

54 
vv. 

I = w, y 7 vz + y2 

A 

(16«) 

(16b) 

Let e = Wx 

b = VV.. 

VV. 

# + V' 

e • 7 v: * v: 

(16) 

Then   /. 

C - ee 

r » 

Si 
B 

(17) 

a c« 
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For the "yaw only1* type of trajectory tiife equations 

of notion are given by (14) (15) with the coefficients defined 

by equations (16) and (17).  In a "y&w oniy° trejectory with 

roll orientation mtintfltnod by aäirtctiontl gyro ts explained 

ebove, the inner gimbal will not necessarily remain perpen- 

dicular to the outer gimbal. The angle n through which the 

inner gimbal rotates from the perpendicular position can be 

seen from Fig. 3 to be 

H=!^ + e = ^+ ten-1e (18) 

It is desirtble that ii be kept smell, st-y Ki<^5*l since the 

effective component of tnguli-r uomentum of the gyro approaches 

zero for \i    eppro^cning 90*. 

The schedule for a "yew only" calculstion is illus- 

trated in Table III. Assume the following conditions: long 

horizontal and vertical fins (Type B, corresponding to the 

horizontal fins of Gulf model Oct. ?, 4 v.ind tunnel tests), 

weight 1000 lbs.; tltitude 20,000 ft.; pltne speed 220 ft./sec; 

Äg = o"; 0 - 15 sees. ÄR » 0, 15 sec. - end Sf = + 20°. From 

the Oct. 3, 4 wind tunnel dfcte (Gulf Report Fig. 27 or 54. I. T. 

Report Fig. 16) for oR = 20* + = 15.5°.  From Fig. 28 of the 

Gulf Report or Fig. 17 of the !i. I. T. Report, the lift end 

drag coefficients ere obtained for 1/ -  0 end \  * 15.5*. The 

side force coefficient Cg is represented ts C^ or es CL on 

these figures. From these datt the ballistic coefficient 

curves •_* and •=* ere plotted tguinst altitude in the same wty 

as for the "range only" calculation. 

•••sate-: 
w.-.»^dB»- 

'i*»K*\ • • • •*$*. . 

'^^^W$0it 
:*•,.,. ••«Z4: ?:*:::. 
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In starting the computation, the values of X, X, 

Z, V_, V , V tre til Known et t = 0 end can be filled in. 
A    jf at 

In the example of Table III, many of the columns ere zero 

because the initial rudder setting w&s aero. Values of 

(/•C), (F-D) end (G+H) are obtained for t => 0. Start the 

t « 1 calculation by using for (I+C), (F-D) and (G+H) the 

values of (A+C), (F-D) and (G+H) computed for t = 0. At 

the end of this line, we will heve values of (A+C), (F-D) 

and (0+H) for t = 1. It can then bs seen whether the true 

average values between t = 0 tnd t - 1 differ appreciably 

from the approximate values which have been used- lor (1+5), 

(F^D) and (G+H) in making the t - 1 computation. If the 

error is appreciable, the line snould be repeated. Beginning 

with the t = 2 line, coefficients ere available for t = 0 

and t * 1 from wnich to extrapolate the correct average 

values. At t = 15 sec, the rudder changes to L + 20. 

For the t - 15 line, the first sixteen columns are filled 

In as before, the remaining columns are filled in for the 

new conditions since these are preparatory for the t = 16 

calculation. The result of the calculation illustrated by 

Table III is shown as the point for t = 21.5 sees, on the 

X deflection curve of Fig. 11. 

"'Ti'yr.'.TX. 
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Cese III. Combined Pitch end Yaw. 

It Is assumed that the roll orientation of the 

bomb Is held by the directional gyro so as to maintain the 

reference plane (plane of horizontal fins) normal to the 

XI  plane. Combined pitch und yew «ill be produced by the 

simultaneous deflection of elevators and rudders. The 

aerodynamic force can be resolved into t drag component D 

parallel to V, and a crosswind component perpendicular to V. 

The crosswind component can be further resolved into a lift 

force L in the plane of the vertical fins normal to V, and 

a side force S in the plane of tb£ horizontal fins normal 

to V. 

A thorough investigation of the problem of computing 

trajectories for the case of combined pitch and yaw was 

initiated in November, 1942. A few preliminary results make 

it look at leest probable thtt tne best method would be to 

discard the conventionel drag, lift end side components and 

worin with the aerodynamic force resolveu into a set of compo- 

nents which best fit the simplest set of coordinates to be 

used in the trajectory calculations.  By a proper choice of 

coordinates, it should be possible to bury a good deal of the 

difficult computation in the tabulation of the wind tunnel 

data, rather than going through it each time in tne computa- 

tion of a tuiue-diiueuaioiiul 5,r&iestary. Due to the termina- 

tion of this work at it.  I. T., the consideration of this 

general problem nee been stopped. 

:%.••- 

«*5». 
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Practically no wind tunnel dtte ere available for 

combined pitch end yaw, end hence only approximate trajectory 

calculations can be made. From the summery of available data 

(H.I.T. Report VII p. 15j Gulf Seport Oct. 15, 1942. P- 23), 

the following conclusions can be drawn. 

1. The controllability curves for combined pitch end 

yaw remain essentially the same as for pitch or yaw alone. 

2. At most the lift force at trim is decreased 15 per 

cent when the bomb is simultaneously yawed. 

3. For combined pitch and yaw the drag force is roughly 

that due to either one alone plus the increase in the other 

over the zero angle value. 

Based upon the above facts, en approximate method 

for computing combined pitch end yew trajectories cen be 

worked out to use wind tunnel data for pitch or yaw only. 

Assume the angles of pitch and yaw are given Independently 

from the usual controllability curves. Assume the lift 

force L and side force S are each given by the corresponding 

values for pitch or yaw t.Ione. /.ssume the drag force is 

given by statement 3 above,  the magnitudes of L, S, and D 

are then given in terms of V2, 6&,  0R, cL, Cg, end CD. 

The remaining problem is to set up the equations 

by which these forces can be resolved into X, Y, and Z 

components. The drug force D is clong V  end hence resolved 

by the Vx Vy V2 components which ere all known at each step 

of the calculation. The side force S is in the referenoe 
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plane rnd hence handled approximately In the s&me way as in 

the "yew only" case. To set up equations for the orienta- 

tion of L, introduce the following unit vectors. 

V* Velocity direction of bomb. 

L* Direction of lift force L. 

ft* Normal to the reference plane. 

The orient&tion conditions are then 

L*V*= 0 Lift perpendicular to velocity. 

H»V*= cos (90*+ 8) Definition of pitch sngle. 

R* = 0 Gyro orient&tion condition. 

L»R* * cos 0 Lift in plane of vertical fins. 

I'm - IL*I »ivi -1 
Prom these equations we obtain 

l£ - V*  tan 6 

*?' v»2 + 2 vj2{vj? + V*2 • zV^V* sin 9 - tan2tt] (epprox.) 

Since 9 is elways small 

(*H>) - • (X9) 

For the only case in which a computation has been 

made, it was assumed that only a small «.mount of rudder 

would be used and hence V is small compared to V. Equations 

(19) reduce to 

--; .i.-i^. -i   .-. 
•  •—•.;*»4..,.l-l.,.,    . - 

,, „                   ,        •-—W-J .:;..jw*--.                  '•'.'. . 
"• .•                                   ^   • "»":-.'-?sr'-Jfc— —•-•.".;V'.Jr.'t.--n-' • •       ' ..' ""*' 

. • _T.1'•***•.. 

H, -Jjftl-, . '•&*<* v-*.•*•*-w ,« 

^^^- ^vflK^^/. • :#Jfiü'>?< <?•   •,' •: ^r-; 

^^^p^v.   ^:y*&&m. • -\vW 
*.**Vi«-..{fJ JffV* fi-                                                     «•' 

« 'te:M?             '•":."': • 
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(20) 

The minus sign is Introduced in the expression for L£ 

(es in equations 11) to correspond to positive h  taken 

upward. It is evident from (20) that this approximate 

treatment of combined pitch snd yew for small rudder 

action, amounts to toeing the lift as aue to pitch only 

and the side force ES due to yew only. 

Introducing (20) wid (16a) into the general 

equations (3) ana  making the approximation for sau.ll V , 

*ü,v« » V, we obtain 

£-- m       z m     y x 

&-- m       y m 

&-. r   —it vv 
z      m       x  ft v v m     y"z 

(21) 

From equations (21) a calculation schedule can 

be set up similar to the schedules used for "range only" and 

"azimuth only." For trajectories in wnich the rudder control 

is small (Vy very small except perhaps in the lost second or 

two) the three coefficients involving V   can be omitted. 

The only combined pitch and yew trajectory which 

has been calculated so far using equations 21 is that for 

Gulf Bomb No. 9 of the Dec, 1942, Eglin Field tests. The 

XZ projection of this trajectory is shown in Fig. 4, and the 

XX projection In Fig. 5. 
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Projected Ground Position. 

The projected ground position of a felling bomb 

is the point of intersection with the ground of the line of 

sigbt from the observer in the plane, to the bomb, to the 

ground. It is primerily the projected ground position, 

rether then the true coordinates of the bomb, which is re- 

corded by moving pictures taken from the plane, or which is 

seen by the observer in the plane. The simplest cs3e to 

consider is thet in which the plane continues to fly e 

straight horizontal course at constant velocity after re- 

leasing the bomb. 

Let /. • Altitude of plane 

X_ • V x t = X coordinate of plene 

JCg, Xß, !ZB are the coordinetes of the falling bomb. The 

projected ground position is then given by the coordinates 

XpQ, YpQ measured from b  point on the ground directly under 

the release point. 

*PG 

LPG 

Xp - A(Xp - XR) 

fe'B 

ZB^P 
(22) 

Examples of computed projected ground positions 

are given by Pigs. 6, 7, 8, and 12. 
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II.  COMPUTED TRAJECTORIES FOR EGLIN FILLD TESTS OF DECEMBER, 
1942. 

Trajectories were computed for nine .Gulf boobs 

assuming the following schedules. 

SCHEDULE /ND RESULTS FOR NINL GULF BOMBS 1000 LB. WEIGHT 
FROM /LTITUDE 15,000 FT. AT 150 Ml./HR. 

Range Control Only. Medium long horizontal, short vertical fins. 

No. 1 

No. 2 

No. 3 

No. 4 

0-22 

22-26 

26-End 

0-21 

21-25 

25-End 

Control 

0-14 

14-21 

21-25 

25-End 

0-14 

14-19 

19-End 

*E = - 10' (Dive) 7 = 30.8 sec. 

*E = 
0 X = 4120 ft. 

*E3 

>F.= 

- 10* 

- 20* (Dive) T = 31.2 sec. 

>F = 0 X = 2810 ft. 

Short 

- 20* 

horizontal end short vertical 

»R* 
0 

*R = • 10* T = 31.V sec. 

&Ra 0 X = 6467 ft. 

H" + 10' X »   976 ft. 

>R = * 10 

... = - w 

T = 31.7 sec. 

X - 6456 ft. 

X « -490 ft. 

E£XS_lSs£. Medium long horizontal, short verticel fins. 

No.  5 0-15 

15-20 

20-25 

25-30 

30-End 

- 10* (Dive) 

0 

• 10* 

- 20* 

+ 20* 

Mo. 6       Same as No. 5.    Ears out 4" 

T * 31.2 sec. 

X • 5490 ft. 

SECRET 
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Btebilltv Teat. Long "Side burns11 up to end of cylinder. 

No. 7   Sane as No. 1 T « 30.8 see. 

X > 2980 ft. 

No. 8 0-22 

22-26 

26-End 

Hgjll Toraue Test, 

No. 9 0-15 

15-20 

20-25 

25-End 

iE - - 20- T » 30.7 sec. 

X » 1320 ft. 

b » - 20* 
E 

Short horisontel, short vertical fins. 

••-- • 10* bR =       0   T = 31.9 sec 

b  " bB = +    5* X •= 4561 ft. 

II bR - -    5*  X = -430 ft. 

« b„ = - 10' 

Tbe XZ projections of these nine trajectories are 

shown in Pig. 4. The XY projections of the trajectories for 

Nos. 3, 4, &nd 9 ere shown in Fig. 5. The computed projected 

ground positions for Nos. 3, 4, and 9 are shown in Figs. 6, 

7, end 8. Comparison is made with observed curves obtained 

from moving picture records taken from the plane. The two 

curves were plotted to the same scale tna tne calculated 

curve then fitted to the observed curve in the early part of 

the flight. 

The schedule for bomb No. 7 was changed and the 

revised form will be designated as Ko. 7a. Short vertical 

fins, long "side burn" horizontal fins, weight 100U lb. 

elevator £« = + 21* throughout flight, 0R =» 0. The computed 

trajectory is shown in Fig. 9.  The experimental curve is 

obtained from the theodolite records. In the actual trajec- 

tory, there »ere violent roll oscillations in the early part 
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of the flight, the bomb swung through about 90* to the left, 

and then fortuitously straightened out right side up, end 

executed a long sail, the experimental curve of Fig. 9 is 

obtained by folding the two parts of the path into one 

vertical plane. 

The two a. I. T. Direct Sight Bombs have been 

described in Progress Report No. 6. The bombs were designed 

to be steered in azimuth only by on-off rudders (&R  « 0 or 15°). 

A trajectory was computed to find the amount of side deflection 

obtainable for the following schedule 

0 - 15 sees.   0_ = 0 

15 - End      SR= 15* 

altitude 15,000 ft., plane speed 150 a.p.h., weight 

1000 lbs. 

Fig. 10 shows the XZ projection, and the XX pro- 

jection of this trajectory, ta  seen from the XX projection, 

a continuous 15* rudder from 15 seconds on, should achieve 

a side deflection of a little over 3000 ft. This was con- 

sidered to be more than ample controllability. It was con- 

cluded that a side deflection of 1000 ft. was as much as 

would be needed and that this could be readily obtained 

in the last 10 seconds of flight. 

c 
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III.  CONTROLSBILITY TRAJECTORIES 

At the request of B. Spenser, & set of trajectories 

were computed to rind the amount of side deflection which 

could be produced by full rudder lor the lest t seconds of 

flight, assume the standard Gulf bomb, 1000 lb. «eight, 

dropped from 20,000 ft., «1th E. plane speed or 150 m.p.h. 

Assume medium long horizontal fand vertical fins, using the 

long fin data of the ^ct. 3, K nXnd  tunnel measurements. For 

these conditions, the free fall time is I = 3<>.A9 sees, end 

the range Is X - 7A66 ft. Assume that Oc = 0 until t sees, 

before 36.49 sees, fend is then held at oR = 20
s until impact. 

Complete trajectory calculations «ere made for five different 

values of t. Fig. 11 shows the resulting side deflections X 

and the shortening in range AX plotted against the time of 

control. From the parabolic shape of the curve near the 

origin, it is seen that full rudder applied i'i the last second 

or two «ill not produce much of a side deflection, but applied 

during the last 5 sees, of flight can produce e side deflec- 

tion of about 700 ft. The important bearing of this point 

upon different types of rudder control should not be overlooked. 

When a rudder setting is given, it does not by itself produce 

either a X deflection or even a X component o'* velocity. All 

that the rudder setting achieves is t X component of accelera- 

tion, /ny desired vclue of V or of X can then be obtained 

only by waiting the necessary time. 

At the request of the Gulf group, a series of 

trajectories were computed to find the effect on side deflection 
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and projeoted ground position of & 5 second application of 

full rudder at different parts of the flight. Assume the 

Oulf bomb of the **ct. 3,  4 wind tunnel tests with short 

horizontel end vertical fins. Assume the bomb loaded to 

1000 lbs., end dropped from 15,000 ft. at & speed of 150 m.p.h. 

The rudder is to be st zero except during a 5 second period 

when it is held at L  = 20°. 'R 
The results of these calculations are shown in 

Fig. 12. For each control interval there is shown the XY 

projection labelled "ground trajectory," together with the 

"projected ground trajectory." The 10-15 sec. interval 

Illustrates how misleading the early part of the projected 

ground trajectory can be when the control is applied early. 

The bomb appears to be heading for a point with much greater 

X deflection than the final impact point. The leter the 

application of control, the more reliable is the projected 

ground trajectory in estimating the direction in which the 

bomb is reelly heading. 

Fig. 13 shows the side deflection produced by a 

5 second application of rudder plotted against the average 

time of application. To a first very rough approximation, 

a 5 second application of rudder produces the same side 

deflection regardless of the time of application. The fact 

that a certain emount of deflection corresponds to a certain 

number of seconds of control, might have important applies- 

tion in bombing practice, particularly on maneuvering ships. 

O 
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XV.  TRAJECTORY COKSIDERfcTIONS FOR TELEVISION OF. T/FGET 
SEEKING BOUBS. 

Prior to the dropping of tue Ja.I.T. Television 

Bombs in the December, 1942, Egiin Field Test*, a set of 

trajectory calculations «ere made to explore the possibility 

of eliminating ears tnd mirrors and thus steering the bomb 

with e television earners mounted rigidly along tne bomb axis. 

The considerations involved are of Importance, not only to 

television opera Lion, but also to the use of target seeking 

devices. 

Represent the longitudinal axis of ;he bomb by 

the bomb vector B, the direction in which the bomb is moving 

by the velocity vector V, and the direction from bomb to 

target by the target vector T. These vectors are fell shown 

In Fig. 15. With television equipment the angle y between 

B and T is seen directly on the receiving screen. With tar- 

get seeking devices which automatically point themselves 

toward the target, the device will set itself at an angle y 

to the bomb axis. Assuming then a bomb in which Y IS observ- 

able or automatically recorded, how should Y be varied In 

order to secure a hit? 

In Fig. 15 

R • Fange of target 

t • Altitude of dropping 

SECRfcT 

h « A - 2 = 

a • ten" 

Heigat of bomb 
, V. 

• • tan"x fei 
Y • o - p • e 

(23) 



Fig. 15. 
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Since a and 9 are determined from (23) tt each step of the 

trajectory calculation, (24) determines the value of pitch 

angle S required to maintain any desired value of y. 

Trajectories were computed for the it.  I. I. tele- 

vision bombs described in Progress Report Six.  The bomb 

weight was taken cs 500 lbs. (half weight), and the bombs 

were to be dropped from 15,000 ft. at & speed of 150 m.p.h. 

Long fin data of the April 13 wind tunnel tests were used. 

A  free fall trajectory for this bomb (<L =• cL • 0) 

was first computed. The trajectory is shown ts tne curve 

"Free Fall" on Fig. 1^. The computed range for this tra- 

jectory is H * 6132 ft. The point at X = 6132 ft. is then 

taken as the target for the remaining stationery target 

trajectories. In the remaining calculations, it is assumed 

that the bomb fells freely for the first 10 seconds, is then 

put into a 5* dive until the desired value of y is secured, 

and that value of 7 is then held until impact. 

The simplest procedure would seem to be to point 

the bomb directly at the target (v = 0). 

0-10 seconds    6 =  0 

10 sec. -Y"0  8=-5° 

Remainder       y *  0*  • 

The trajectory corresponding to this schedule is shown as 

the curve v = 0 on Fig. 14. The Impact point is at 6072, so 

the bomb falls short by 60 ft. This merely confirms previous 

work which has indicated that steering a bomb by keeping It 

pointed toward the target will cause it to fall short in range , 
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The next calculation wes made assuming the bomb to 

be steered by holding it pointed 2° above th« target (Y • • 2*). 

0-10 seconds 8 =  0 

10 sees. -Y»+2°     8«- 5* 

Remainder Y * + 2° 

The trajectory corresponding to this schedule is shown as the 

curve Y =* • 2* on Fig. 14. The impact point is at 6135 ft., 

which is only a 3 ft. overshoot end practically a direct hit. 

The next calculation was made for -;  « + 4*. 

0-10 seconds        0s  0 

10 sees. - Y • 4°    Ö = - 5° 

Remainder Y • • 4° 

The trajectory is shown as the curve Y * • 4° on Fig. 14. The 

impact point is at 6210 ft. The bomb overshoots by 78 ft. 

The results of these stationary target calculations 

indicate that for this bomb load, the component of the weight 

which tends to make the bomb fall short in range, is adequately 

compensated by holding Y • 2° during the steering. For the 

bomb carrying the full 1000 lb. load, the tngle would be about 

Y * 4*. Additions 1 calculations indicate tht.t this value is 

not very sensitive to the exact schedule in the early part of 

the flight. If the azimuth correction is to be small, then 

since there is no component of the weight affecting the azimuth, 

It is sufficient to point the bomb to the same azimuth as the 

target. For range the bomb must be pointed above the target 

by the proper angle Y to allow for the component of weight 

which affects the range. 
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The next step was to apply these sane considerations 

to a moving target. The target is assumed to be moving forward 

at a constant speed of 40 ft. per sec, and to be at the posi- 

tion 6132 ft. at the instant of release. The first calcula- 

tion was made pointing the bomb at the moving target (y *  0). 

0-10 sees. 6 •  0s 

10 sees. - Y = 0      8 = - 5* 

Remainder Y =  0* 

The trajectory is shown by the curve Y = 0* Moving Target on 

Fig. 14. The bomb strikes at '7220 ft., and at this time the 

target is at 7468 ft. The bomb falls short by 248 ft. 

The next calculation was made for the same moving 

target, with y * + 2°. 

0-10 seconds 8 =  0° 

10 sees. - Y = 2*      6 = - 5* 

Remainder y = + 2° 

The trajectory is shown by the curve Y = + 2° Ilovlng Target 

on Fig. 14. The bomb strikes at 7441 ft. tnd at this time the 

target is at 7479 ft. Although the bomb falls short by 38 ft., 

this is practically a direct hit, and represents a very good 

correction for the 134? ft. that the target has moved since 

release of the bomb. 

Since the correct value of Y (Y"2*) has coos out to 

be the same for both the stationary and the moving targets, it 

is evident thet the correot value does not depend very much 

upon the motion of the target or the exact schedule in the 

early part of the flight. For a given bomb, and e given 

•-.'-iis*'-*-* 
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approxlmate trajectory there is a value of the angle Y which 

if maintained during say the latter half of the flight will 

properly correct the trajectory in range. It aeema very 

likely that direct application could be made of this principle 

in television and target seeking bombs. 

o 

SECRET 
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